The first synthesis of (AE)-robinlin (1), a novel homomonoterpene with strong bioactivity in the brine shrimp lethality test, was achieved by starting from 3-isobutyloxy-2,6,6-trimethyl-2-cyclohexen-1-one (2).
McLaughlin et al. reported in 2001 the isolation of robinlin (1) from the black locust tree, Robinia pseudoacacia L. (Fabaceae), 1) which is used as traditional medicine and is also known to be poisonous. Robinlin (1) is a structurally novel homo-monoterpene and its skeleton has never before been reported as a natural product isolated from plants, even though its structure looks quite usual at the first glance. McLaughlin et al. have also reported that 1 showed strong bioactivity in the brine shrimp lethality test (BST), but was not significantly cytotoxic against human solid tumor cell lines.
1) It was thus suggested that 1 may possess pharmacological activities other than cytotoxicity. We were interested in the construction of the novel structure of 1 and also in clarifying its biological activities. We report here the first synthesis of (AE)-1 in detail.
Result and Discussion
Our synthetic plan for 1 is illustrated in Scheme 1. Target compound 1 should be readily obtainable from intermediate A by hydroxylation. To prepare A, the following three routes were envisaged. The key process in route A was regioselective hydration of the vinyl sidechain. Installation of an acetate unit or its equivalent was the key point in route B. Oxidative cleavage of the double bond of the allyl group was the key step in route C. All three intermediates B, C and D could be prepared from common starting material E.
Our first choice was route A, because this was more straightforward than the others. Starting material 2
2) was converted into known dienone 3 3, 4) according to the reported procedure. 4) We provided two options for the crucial step, regioselective anti-Markovnikov addition of water to the vinyl side-chain: 1) 1,6-addition of water (3!4); 2) regioselective epoxidation and reductive cleavage of the oxiran ring (3!5!4). Our first attempt was the Lewis acid-promoted 1,6-addition of water Scheme 1. Structure of Robinlin (1) and Its Synthetic Plan.
y To whom correspondence should be addressed. Tel/Fax: +81-78-803-5958; E-mail: takikawa@kobe-u.ac.jp reported by Majetich et al. 5) Although they have reported the successful 1,6-addition of water to 3-vinyl-2-cyclohexen-1-one, desired adduct 4 could not be obtained at all. One probable reason for the failure would be the steric hindrance of three methyl groups. We then attempted the second option. As already disclosed, in an ,-, ,-unsaturated ketone such as 3, regioselective epoxidation of the ,-double bond and reductive cleavage of the oxiran ring at the -position was feasible. 6, 7) However, in this case, the regioselective epoxidation of 3 to 5 was troublesome. In spite of all our efforts, we could not find out any appropriate reaction conditions to obtain desired epoxide 5. We thus decided to quit route A and turned to route B. In route B, for installation of the acetate unit, 2 was exposed to such reagents as the lithioenolate of acetate, 8) Reformatsky reagent 9) and metalated ethoxyacetylene. 10) However, these trials were also not successful.
We then tried route C. Starting material 2 was first treated with allylmagnesium chloride, before an acidic work-up to give 7 (88%). The double bond on the sidechain was not conjugated at this stage and was somewhat apart from the bulky cyclohexenone moiety. The ''isolated'' double bond in 7 was oxidized with OsO 4 in the presence of NMO to give corresponding diol 8, which was subjected to oxidative cleavage with NaIO 4 to furnish aldehyde 9 (80% in 2 steps). Reduction of 9 with LiAlH 4 was followed by oxidation with MnO 2 to yield enone 4 (51% in 2 steps). The possible alternative route to 4 was chemoselective reduction of the aldehyde group of 9. This chemoselective reduction was successfully performed under the reported conditions 11) to yield 4 (79%). The remaining step was the hydroxylation of 4 which was carried out with 2-phenylsulfonyl-3-phenyloxaziridine (Davis' reagent) 12, 13) to give (AE)-robinlin (1). However, the isolation yield was rather low (28%), even after intensive investigation of the reaction conditions. We thought that the low yield might have been due to the presence of a free hydroxyl group in 4, so protection of this hydroxyl group was examined. The hydroxylation of TBS ether 10 proceeded smoothly in this case to give 11 in a much higher yield (81%). Finally, deprotection of the TBS group was achieved by treating with TBAF to furnish (AE)-robinlin (1). The various spectral data for synthetic (AE)-1 are in good accordance with those of the natural product. The overall yield was 32% in 7 steps or 16% in 5 steps based on 2.
In conclusion, the first synthesis of (AE)-robinlin (1) was accomplished by starting from 3-isobutyloxy-2,6,6-trimethyl-2-cyclohexenone (2). Detailed bioassays employing our synthetic samples are now in preparation.
Experimental
IR spectra were measured with a Jasco A-102 spectrometer, and 1 H-NMR spectra were recorded at 300 MHz with a Jeol JNM-AL300 spectrometer. The peak for CHCl 3 in CDCl 3 (at H ¼ 7:26) was used as the internal standard.
13 C-NMR spectra were recorded at 75 MHz with the Jeol JNM-AL300 spectrometer, the peak for CDCl 3 (at C ¼ 77:0) being used as the internal standard. Mass spectra were measured with a Jeol JMS-700 spectrometer.
3-Allyl-2,4,4-trimethyl-2-cyclohexen-1-one (7). To a stirred mixture of iodine (a catalytic amount) and Mg (2.50 g, 100 mmol) in ether (5 ml) was added dropwise a solution of allyl chloride (4.7 ml, 57.7 mmol) in ether (40 ml) at 0 C under Ar. The mixture was allowed to warm to room temperature and then a solution of 2 (2.00 g, 9.51 mmol) in THF (30 ml) was added dropwise. After stirring for 10 min, this reaction mixture was quenched with saturated aq. NH 4 Cl, and extracted with EtOAc. The extract was successively washed with water and brine, dried (MgSO 4 ) and concentrated under reduced pressure. 5.72 mmol) in acetone (20 ml) and water (10 ml) were added OsO 4 (0.01 g/ml in t-BuOH, 3 ml) and NMO (1.34 g, 11.4 mmol). After stirring overnight at room temperature, the reaction mixture was diluted with water and extracted with EtOAc and then with CHCl 3 . The combined extract was successively washed with water and brine, dried (MgSO 4 ), and concentrated under reduced pressure. 2,4,4-Trimethyl-3-(2-oxoethyl)-2-cyclohexen-1-one (9) . To a stirred mixture of 8 (0.13 g, 0.66 mmol) in ether (5 ml) and water (2.5 ml) was added NaIO 4 (0.13 g, 0.86 mmol) at 0 C. After stirring for 1 hr, the reaction mixture was diluted with water and extracted with EtOAc. The extract was successively washed with water and brine, dried (MgSO 4 ), and concentrated under reduced pressure. 
3-(2-Hydroxyethyl)-2,4,4-trimethyl-2-cyclohexen-1-one (4).
Method A:To a stirred solution of 9 (0.74 g, 4.1 mmol) in THF (15 ml) was carefully added LiAlH 4 (0.20 g, 5.3 mmol) portionwise at 0 C. The reaction mixture was quenched with water and then with 15% aq. NaOH. This was filtered, and the resulting filtrate was extracted with EtOAc. The extract was successively washed with water and brine, dried (MgSO 4 ), and concentrated under reduced pressure. The residue was chromatographed on SiO 2 to give the corresponding diol, 3-(2-hydroxyethyl)-2,4,4-trimethyl-2-cyclohexen-1-ol, (0.69 g, 3 To a stirred solution of 3-(2-hydroxyethyl)-2,4,4-trimethyl-2-cyclohexen-1-ol (0.69 g, 3.7 mmol) in CHCl 3 (30 ml) was added MnO 2 (11 g, 0.13 mol). After stirring at room temperature for 43 hr, the reaction To a stirred mixture of NaBH 4 (0.18 g, 4.8 mmol, 4.3 eq) in EtOH (5 ml) and CH 2 Cl 2 (14 ml) was added a solution of 9 (0.20 g, 1.1 mmol) in CH 2 Cl 2 (1 ml) dropwise at À78 C under Ar. After stirring for 15 min, acetaldehyde (distilled, 2 ml) was added, and the reaction mixture was allowed to warm to room temperature. The resulting mixture was diluted with water and then extracted with CHCl 3 . The extract was successively washed with saturated aq. NaHCO 3 and brine, dried (MgSO 4 ), and concentrated under reduced pressure. The residue was chromatographed on SiO 2 to give 4 (0.16 g, 0.87 mmol, 79%) as an oil.
6-Hydroxy-3-(2-hydroxyethyl)-2,4,4-trimethyl-2-cyclohexen-1-one, robinlin (1).
Method A: KHMDS (0.5 M in THF, 5.0 ml, 2.5 mmol) was added to dry THF (15 ml) under Ar at À78 C. To this solution, 4 (0.20 g, 1.1 mmol) in THF (1 ml) was slowly added dropwise. After stirring for 30 min, a solution of Davis' reagent (0.37 g, 1.4 mmol) in THF (2 ml) was added dropwise, and the mixture was stirred for 1 hr. The reaction mixture was quenched with saturated aq. NH 4 Cl at À78 C and extracted with EtOAc. The extract was successively washed with water and brine, dried (MgSO 4 ), and concentrated under reduced pressure. The residue was chromatographed on SiO 2 to give (AE)-1 (61 mg, 0.31 mmol, 28%) as colorless needles, mp 79.5-81. 3-[2-(tert-Butyldimethylsilyloxy)ethyl]-6-hydroxy-2,4, 4-trimethyl-2-cyclohexen-1-one (11) . NaHMDS (1.0 M in THF, 0.25 ml, 0.25 mmol) was added to dry THF (1 ml) at À78 C under Ar. To this solution, 10 (50 mg, 0.17 mmol) in THF (1 ml) was slowly added dropwise. After stirring for 30 min, a solution of Davis' reagent (66 mg, 0.25 mmol) in THF (1 ml) was added dropwise, and the mixture was stirred for 1hr. The reaction mixture was quenched with saturated aq. NH 4 Cl at À78 C and extracted with EtOAc. The extract was successively washed with water and brine, dried (MgSO 4 ), and concentrated under reduced pressure. The residue was chromatographed on SiO 2 to give 11 (43 mg, 0.14 mmol, 81%) as an oil. IR max (film) 
